Study Highlights**WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?**☑ Our recent studies indicate that CKD affects the PK of drugs metabolized by CYP2D6, whereas effects on CYP3A4/5 drugs are variable and limited. However, there is a lack of systematically evaluated data on other metabolic and transport pathways.**WHAT QUESTION DID THE STUDY ADDRESS?**☑ We investigated elimination‐pathway‐dependency in the effect of CKD on several nonrenal clearance pathways. Specifically, we assessed the effect of CKD on the PK of model drug substrates of CYP1A2, CYP2C8, CYP2C9, CYP2C19, and OATP.**WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?**☑ Despite the limited data available, a consistent decrease in clearance of multiple CYP2C8 and OATP model substrate drugs with increasing severity of CKD was observed. Conversely, only minimal effects on the clearance of CYP1A2, CYP2C9, and CYP2C19 model substrate drugs were observed in patients with CKD.**HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY OR TRANSLATIONAL SCIENCE?**☑ It will facilitate the overall mechanistic characterization of the effect of CKD on individual nonrenal clearance pathways and guide PK study design in these patients.

 {#cpt807-sec-0001}

Chronic kidney disease (CKD) is a major cause of morbidity and mortality and a significant contributor to the burden of chronic disease.[1](#cpt807-bib-0001){ref-type="ref"}, [2](#cpt807-bib-0002){ref-type="ref"} CKD has an estimated worldwide prevalence of 8--16%, and as such is considered an important global public health issue.[3](#cpt807-bib-0003){ref-type="ref"} Despite the existence of many guidelines related to dose adjustment of renally cleared medications in patients with CKD, impaired kidney function continues to be associated with an increased risk of adverse drug events.[4](#cpt807-bib-0004){ref-type="ref"} Thus, it is critical to adequately assess the effect of impaired kidney function on systemic exposure and pharmacokinetics (PK) of drugs to optimize drug usage in this tenuous patient population.

Renal impairment not only alters drug elimination by the kidneys, but also affects drug metabolism and transport in other organs (e.g., liver) that may lead to clinically relevant changes in nonrenal clearance.[5](#cpt807-bib-0005){ref-type="ref"}, [6](#cpt807-bib-0006){ref-type="ref"} For example, repaglinide, which is primarily metabolized in the liver after organic anion transporting polypeptide (OATP)‐mediated uptake, had a nearly fourfold increase in terminal half‐life and threefold increase in area under the concentration‐time curve (AUC) in patients with severe and endstage renal disease (ESRD) compared with subjects with normal renal function.[7](#cpt807-bib-0007){ref-type="ref"} The US Food and Drug Administration (FDA) and European Medicines Agency recently published guidances to recommend performing clinical studies to assess the effect of renal impairment on the PK of both renally and nonrenally eliminated drugs.[8](#cpt807-bib-0008){ref-type="ref"}, [9](#cpt807-bib-0009){ref-type="ref"} However, dosing adjustments to account for nonrenal clearance changes are not common.

The mechanisms that underlie CKD‐mediated changes in the PK of nonrenally eliminated drugs are complex and not well understood. CKD may change hepatic drug clearance by either a direct impact on hepatic enzymes or through alterations in other factors, such as drug absorption, protein binding, hepatic uptake, or accumulation of metabolites.[10](#cpt807-bib-0010){ref-type="ref"} Among them, increasing evidence has demonstrated that uremic toxins in patients with CKD may reduce metabolism or active uptake/efflux mechanisms through either direct inhibition or through transcriptional down regulation of proteins,[1](#cpt807-bib-0001){ref-type="ref"}, [5](#cpt807-bib-0005){ref-type="ref"}, [6](#cpt807-bib-0006){ref-type="ref"}, [11](#cpt807-bib-0011){ref-type="ref"}, [12](#cpt807-bib-0012){ref-type="ref"}, [13](#cpt807-bib-0013){ref-type="ref"} including cytochrome P450 (CYP) and UDP‐glucuronosyltransferase enzymes and membrane transporters.[14](#cpt807-bib-0014){ref-type="ref"}, [15](#cpt807-bib-0015){ref-type="ref"}, [16](#cpt807-bib-0016){ref-type="ref"} This uremia‐mediated impact on enzymes and transporters is supported by findings in experimental animal models of ESRD.[5](#cpt807-bib-0005){ref-type="ref"} Several of these preclinical studies demonstrated that uremia leads to decreased function and expression of metabolizing enzymes and transporters in the intestines and liver.[17](#cpt807-bib-0017){ref-type="ref"}, [18](#cpt807-bib-0018){ref-type="ref"}, [19](#cpt807-bib-0019){ref-type="ref"}, [20](#cpt807-bib-0020){ref-type="ref"} However, direct measurement of protein levels and activities in human patients with CKD may be needed to confirm the actual mechanism.

To this point, PK modeling and simulation studies using clinically observed data have been used to predict the effect of impaired kidney function on various elimination pathways for several model drugs.[10](#cpt807-bib-0010){ref-type="ref"}, [21](#cpt807-bib-0021){ref-type="ref"} Recently, we compiled the available data to systematically evaluate the relationship between CKD and PK of model substrate drugs for two metabolic pathways, CYP2D6 and CYP3A4/5.[22](#cpt807-bib-0022){ref-type="ref"} The analysis showed that CYP2D6‐mediated clearance generally decreases as kidney function declines. Conversely, no relationship between the level of CKD and clearance of CYP3A4/5 substrates was observed, suggesting potential pathway‐dependent effects of CKD on metabolism. Additionally, the effect of CKD on the PK of drugs that are actively transported in the liver has only been recently assessed.[15](#cpt807-bib-0015){ref-type="ref"}, [23](#cpt807-bib-0023){ref-type="ref"}, [24](#cpt807-bib-0024){ref-type="ref"} Quantitative and systematic investigations of specific clearance pathways in patients with kidney disease will improve our understanding of the effect of CKD on the PK of nonrenally eliminated drugs and will inform whether there is a need to perform further clinical studies to guide dose adjustments in CKD.

Here, we compiled the available clinical data and assessed the effect of renal impairment on CYP1A2‐mediated, CYP2C8‐mediated, CYP2C9‐mediated, CYP2C19‐mediated, and OATP‐mediated clearance pathways. These nonrenal pathways were selected because of their important role in drug disposition of many therapeutic drugs.

RESULTS {#cpt807-sec-0002}
=======

Clinical CKD studies for CYP1A2, CYP2C8, CYP2C9, CYP2C19, and OATP model substrate drugs {#cpt807-sec-0003}
----------------------------------------------------------------------------------------

Of a total of 1,067 drugs, 6 CYP1A2, 5 CYP2C8, 6 CYP2C9, 4 CYP2C19, and 12 OATP model substrate drugs were identified in the analysis that had 7, 11, 9, 10, and 20 dedicated CKD studies, respectively (**Figure** [1](#cpt807-fig-0001){ref-type="fig"} **and Table** [1](#cpt807-tbl-0001){ref-type="table-wrap"}). The PK parameters for these model substrate drugs along with the individual or mean clearance ratios of CKD groups to the healthy control group are summarized in **Tables** [1](#cpt807-tbl-0001){ref-type="table-wrap"} **and** [2](#cpt807-tbl-0002){ref-type="table-wrap"}. In 30--50% of the selected CKD studies, protein binding was measured or PK parameters were reported using unbound concentrations. Model substrate drugs and their respective CKD studies are listed in **Table** [3](#cpt807-tbl-0003){ref-type="table-wrap"}.

![Overview of the workflow of clinical chronic kidney disease (CKD) data collection for cytochrome P450 (CYP)1A2, CYP2C8, CYP2C9, CYP2C19, and organic anion transporting polypeptide (OATP) model substrate drugs. AUCR, area under the concentration‐time curve ratio; DDI, drug‐drug interaction; DIDB, The University of Washington Metabolism and Transport Drug Interaction Database; f~e,urine~, fraction of the dose eliminated into urine unchanged; PGx, pharmacogenetics; USFDA, US Food and Drug Administration.](CPT-103-854-g001){#cpt807-fig-0001}

###### 

Effect of CKD on pharmacokinetics of model substrate drugs

  Drugs                               Parameters            Ratios of parameters with CKD                           
  ----------------------------------- --------------------- ------------------------------- ------ --------- ------ ------
  **CYP1A2 model substrate drugs**                                                                                  
  R_CL~unbound~                                                                                                     
  Duloxetine                          CL~oral~/f~u~         --                              --     --        0.38   --
  Ropivacaine                         CL~oral~/f~u~         --                              0.91   0.88      --     --
  Tasimelteon                         CL~oral~/f~u~         --                              --     0.62      --     0.90
                                      CL~oral~/f~u~         --                              --     0.68      --     1.01
  R_CL~total~                                                                                                       
  Duloxetine                          CL~oral~              --                              --     --        0.46   --
  Lidocaine                           CL~iv~                --                              0.82   0.51      0.93   --
  Pirfenidone                         CL~oral~              0.70                            0.67   0.87      --     --
  Ramelteon                           CL~oral~              0.97                            1.17   0.26      --     1.64
  Ropivacaine                         CL~oral~              --                              0.95   0.80             --
  Tasimelteon                         CL~oral~              --                              --     0.70      --     0.91
                                      CL~oral~              --                              --     0.68      --     1.01
  **CYP2C8 model substrate drugs**                                                                                  
  R_CL~unbound~                                                                                                     
  Cerivastatin                        CL~oral~/f~u~         1.07                            0.64   0.58      --     --
                                      CL~oral~/f~u~         0.54                            0.39   0.39      --     --
                                      CL~oral~/f~u~         0.58                            0.47   0.43      --     --
  Dasabuvir                           CL~oral~/f~u~         --                              --     0.35^c^   --     --
  Pioglitazone                        CL~oral~/f~u~         --                              --     1.09^c^   --     --
  Repaglinide                         CL~oral~/f~u~         0.55                            --     0.37      0.37   0.27
                                      CL~oral~/f~u~         --                              --     0.31^c^   --     --
  Rosiglitazone^d^                    CL~oral~/f~u~         0.91                            0.94   0.90      --     --
  R_CL~total~                                                                                                       
  Cerivastatin                        CL~oral~              1.03                            0.59   0.71      --     --
                                      CL~oral~              0.64                            0.43   0.60      --     --
                                      CL~oral~              --                              --     --        --     0.86
                                      CL~oral~              0.67                            0.49   0.65      --     --
  Dasabuvir                           CL~oral~              0.30                            0.58   0.41             
  Pioglitazone                        CL~oral~              --                              1.20   1.29      --     --
  Repaglinide                         CL~oral~              0.55                            --     0.37      0.37   0.27
                                      CL~oral~              1.14                            --     0.70      --     --
  Rosiglitazone^d^                    CL~oral~              0.91                            0.88   1.24      --     --
                                      CL~oral~              --                              --     --        --     0.57
                                      CL~oral~              --                              --     --        1.09   1.21
  **CYP2C9 model substrate drugs**                                                                                  
  R_CL~unbound~                                                                                                     
  Meloxicam                           CL~oral~/f~u~         --                              --     --        1.04   --
                                      CL~oral~/f~u~         0.84                            0.94   --        --     --
  Tenoxicam                           CL~oral~/f~u~         1.15                            0.75   --        --     --
  R_CL~total~                                                                                                       
  Flubiprofen                         CL~oral~              --                              --     --        --     4.56
                                      CL~oral~              --                              --     --        --     1.65
  Lesinurad^d^                        CL~oral~              0.77                            0.58   --        --     --
                                      CL~oral~              --                              0.67   0.47      --     --
  Losartan^d^                         CL~oral~              --                              0.60   --        --     --
  Meloxicam                           CL~oral~              --                              --     --        3.12   --
                                      CL~oral~              1.00                            1.62   --        --     --
  Phenytoin^d^                        CL~iv~                --                              --     --        1.08   --
  Tenoxicam                           CL~oral~              1.15                            1.15   --        --     --
  **CYP2C19 model substrate drugs**                                                                                 
  R_CL~unbound~                                                                                                     
  Lansoprazole                        CL~oral~/f~u~         0.75                            1.09   1.14      --     --
                                      CL~oral~/f~u~         --                              --     --        0.97   --
                                      CL~oral~/f~u~         --                              --     --        --     1.35
  Voriconazole                        CL~oral~/f~u~         0.61                            0.65   1.41      --     --
  R_CL~total~                                                                                                       
  Citalopram^d^                       CL~oral~              --                              0.89   0.71      0.91   --
                                      CL~oral~              --                              --     --        0.92   --
  Lansoprazole                        CL~oral~              0.89                            1.35   1.68      --     --
                                      CL~oral~              0.48                            0.81   0.96      --     --
                                      CL~oral~              --                              --     --        1.84   --
                                      CL~oral~              --                              --     --        --     2.58
  Rabeprazole                         CL~oral~              --                              --     --        1.66   1.45
  Voriconazole                        CL~oral~              0.60                            0.69   1.54      --     --
                                      CL~iv~                --                              1.57   --        --     --
  **OATP model substrate drugs**                                                                                    
  R_CL~unbound~                                                                                                     
  Atorvastatin                        CL~oral~/f~u~         --                              --     0.58^c^   --     --
  Bosentan                            CL~oral~/f~u~         --                              --     0.93^c^   --     --
  Cerivastatin                        CL~oral~/f~u~         1.07                            0.64   0.58      --     --
                                      CL~oral~/f~u~         0.54                            0.39   0.39      --     --
                                      CL~oral~/f~u~         0.58                            0.47   0.43      --     --
  Erythromycin                        (CL~iv~‐CL~r~)/f~u~   --                              --     --        0.63   --
                                      CL~oral~/f~u~         --                              --     --        0.39   --
  Fluvastatin                         CL~oral~/f~u~         --                              --     0.72^c^   --     --
  Imatinib                            CL~oral~/f~u~         --                              0.74   0.72      --     --
  Pitavastatin                        CL~oral~/f~u~         --                              --     0.74      --     --
                                      CL~oral~/f~u~         --                              0.57   --        0.40   --
  Repaglinide                         CL~oral~/f~u~         0.55                            --     0.37      0.37   
                                      CL~oral~/f~u~         --                              --     0.31^c^   --     
  Rosuvastatin                        CL~oral~/f~u~         --                              --     0.27^c^   --     --
  Torsemide                           CL~iv,NR~/f~u~        --                              --     1.03^c^   --     --
  R_CL~total~                                                                                                       
  Atorvastatin                        CL~oral~              --                              1.00   0.70      --     --
  Bosentan                            CL~oral~              --                              --     1.13      --     --
  Cerivastatin                        CL~oral~              1.03                            0.59   0.71      --     --
                                      CL~oral~              0.64                            0.43   0.60      --     --
                                      CL~oral~              --                              --     --        --     0.86
                                      CL~oral~              0.67                            0.49   0.65      --     --
  Erythromycin                        CL~iv~--CL~r~         --                              --     --        0.70   --
                                      CL~oral~              --                              --     --        0.43   --
                                      CL~oral~              0.87                            0.76   --        0.75   --
                                      CL~oral~              --                              --     --        0.28   --
  Fexofenadine                        CL~oral~              --                              --     --        0.37   --
  Fluvastatin                         CL~oral~              1.03                            1.18   0.86      0.66   0.65
  Imatinib                            CL~oral~              --                              0.73   0.54      0.56   --
  Pitavastatin                        CL~oral~              --                              --     0.74      --     --
                                      CL~oral~              --                              0.56   --        0.54   --
  Repaglinide                         CL~oral~              0.55                            --     0.37      0.37   0.27
                                      CL~oral~              1.14                            --     0.70      --     --
  Rosuvastatin                        CL~oral~              0.71                            0.93   0.32      --     --
  Simeprevir                          CL~oral~              --                              --     --        0.58   --
  Torsemide                           CL~iv,NR~             --                              --     1.24      --     --

CKD, chronic kidney disease; CYP, cytochrome P450; ESRD, endstage renal disease; CL~iv~, i.v. clearance; CL~oral~, oral clearance; f~u~, fraction unbound in plasma; R_CL~total~, ratio of clearance calculated with total (bound plus unbound) concentration between CKD and healthy control group; R_CL~unbound~, ratio of unbound clearance between CKD and healthy control group.

^a^ESRD subjects on regular dialysis but studied at off‐dialysis periods. ^b^ESRD subjects on dialysis during the study period. ^c^Estimated based on averaged plasma albumin level change for organic anion‐transporting polypeptide/CY2C8 model drugs missing unbound information for severe patients. See Methods for detail. References are listed in **Supplementary Table S3**. ^d^Drugs with 2 ≤ area under the concentration‐time curve ratio \<3.

###### 

Mean and range of R_CL~unbound~ or R_CL~total~ from CKD studies

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                 Mild CKD                Moderate CKD            Severe CKD               ESRD^a^                  ESRD^b^
  ---------------------------- ----------------- ----------------------- ----------------------- ------------------------ ------------------------ -----------------------
  CYP1A2                       R_CL~unbound~\    --                      0.92\                   0.73\                    0.38\                    0.95\
                               (3 drugs^c^)                              (*n* = 1)               (0.62--0.88; *n* = 3)    (*n* = 1)                (*n* = 2)

                               R_CL~total~\      0.83\                   0.90\                   0.64\                    0.70\                    1.15\
                               (6 drugs^d^)      (0.70--0.97; *n* = 2)   (0.67--1.17; *n* = 4)   (0.23--0.80; *n* = 6)    (0.46--0.93; *n* = 2)    (0.91--1.64; *n* = 3)

  CYP2C8                       R_CL ~unbound~\   0.73\                   0.61\                   0.53\                    0.37\                    0.27\
                               (3 drugs^c^)      (0.54--1.07; *n* = 5)   (0.39--0.94; *n* = 4)   (0.37--0.90; *n* = 5)    (*n* = 1)                (*n* = 1)

                               R_CL~total~\      0.75\                   0.69\                   0.75\                    0.73\                    0.73\
                               (5 drugs^d^)      (0.30--1.14; *n* = 7)   (0.43--1.20; *n* = 6)   (0.37--1.29; *n* = 8)    (0.37--1.09; *n* = 2)    (0.27--1.21; *n* = 4)

  CYP2C9                       R_CL~unbound~\    1.0\                    0.84\                   --                       1.04\                    --
                               (2 drugs^c^)      (0.84--1.15; *n* = 2)   (0.75--0.93; *n* = 2)                            (*n* = 1)                

                               R_CL~total~\      0.97\                   0.92\                   0.47\                    2.10\                    3.10\
                               (6 drugs^d^)      (0.77--1.15; *n* = 3)   (0.58--1.62; *n* = 5)   (*n* = 1)                (1.08--3.12; *n* = 2)    (1.65--4.56; *n* = 2)

  CYP2C19                      R_CL~unbound~\    0.68\                   0.87\                   1.28\                    0.97\                    1.35\
                               (2 drugs^c^)      (0.61--0.75; *n* = 2)   (0.65--1.09; *n* = 2)   (0.59--1.41; *n* = 2)    (*n* = 1)                (*n* = 1)

                               R_CL~total~\      0.66\                   1.06\                   1.04\                    1.33\                    2.01\
                               (4 drugs^d^)      (0.48--0.89; *n* = 3)   (0.69--1.57; *n* = 5)   (0.71--1.68; *n* = 4)    (0.91--1.84; *n* = 4)    (1.45--2.58; *n* = 2)

  OATP                         R_CL~unbound~\    0.68\                   0.56\                   0.54\                    0.45\                    0.27\
                               (5 drugs^c^)      (0.55--1.07; *n* = 4)   (0.39--0.74; *n* = 5)   (0.37--0.72; *n* = 6)    (0.37--0.63; *n* = 4)    (*n* = 1)

                               R_CL~total~\      0.83\                   0.74\                   0.71\                    0.52\                    0.59\
                               (12 drugs^d^)     (0.55--1.14; *n* = 8)   (0.43--1.18; *n* = 9)   (0.32--1.24; *n* = 12)   (0.28--0.75; *n* = 10)   (0.27--0.86; *n* = 3)

  Theoretical lowest R_CL^e^   0.88              0.79                    0.73                    0.67                     0.67                     
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CKD, chronic kidney disease; CYP, cytochrome P450; OATP, organic anion‐transporting polypeptide; R_CL~total~, ratio of clearance calculated with total (bound plus unbound) concentration between CKD and healthy control group; R_CL~unbound~, ratio of unbound clearance between CKD and healthy control group; n, number of CKD studies in each categrory.

Mean and range of reported R_CL~unbound~ or R_CL~total~ in each CKD category were summarized.

^a^ESRD subjects on regular dialysis but studied at off‐dialysis periods. ^b^ESRD subjects on dialysis during the study period. ^c^All drugs that have R_CL~unbound~ data with at least one of the four CKD groups summarized in this table. ^d^All drugs that have R_CL~total~ data with at least one of the four CKD groups summarized in this table. ^e^Theoretical lowest R_CL values were calculated assuming no changes in nonrenal clearance, as described in the Method section.

###### 

PK parameters of model substrate drugs that have PK study reports in patients with CKD

  Drugs                               f~m,CYP1A2~   1‐f~m,CYP1A2~   f~e,urine~ ^a^   F      DDI or PGx with maximum AUCR   
  ----------------------------------- ------------- --------------- ---------------- ------ ------------------------------ -------------
  **CYP1A2 model substrate drugs**                                                                                         
  Duloxetine                          0.82          0.18            \<0.01^b^        0.43   5.60                           Fluvoxamine
  Lidocaine                           0.67          0.33            0.03^b^          0.35   3.05                           Fluvoxamine
  Pirfenidone                         0.85          0.15            --               --     6.81                           Fluvoxamine
  Ramelteon                           0.99          0.01            0^b^             0.02   189.86                         Fluvoxamine
  Ropivacaine                         0.73          0.27            0.01             --     3.69                           Fluvoxamine
  Tasimelteon                         0.86          0.15            \<0.01^b^        0.38   6.87                           Fluvoxamine
  **CYP2C8 model substrate drugs**                                                                                         
  Cerivastatin                        0.77          0.23            \<0.02^b^        0.6    4.36                           Gemfibrozil
  Dasabuvir                           0.91          0.09            0.003^b^         0.46   11.3                           Gemfibrozil
  Pioglitazone                        0.79          0.21            0^b^             --     4.66                           Gemfibrozil
  Repaglinide                         0.88          0.12            0.001^b^         0.63   8.26                           Gemfibrozil
  Rosiglitazone                       0.56          0.44            0.0001^b^        0.99   2.29                           Gemfibrozil
  **CYP2C9 model substrate drugs**                                                                                         
  Flurbiprofen                        0.67          0.33            \<0.03^b^        0.96   3.03                           Fluconazole
  Lesinurad                           0.53          0.47            0.31^b^          1      2.11                           PM vs. EM
  Losartan                            0.59          0.41            0.12             0.33   2.42                           PM vs. EM
  Meloxicam                           0.88          0.12            0.002^b^         0.89   8.22                           PM vs. EM
  Phenytoin                           0.77          0.23            0.02^b^          0.86   4.26                           PM vs. EM
  Tenoxicam                           0.60          0.40            \<0.01^b^        1      2.51                           PM vs. EM
  **CYP2C19 model substrate drugs**                                                                                        
  Citalopram                          0.54          0.46            0.1              0.8    2.19                           PM vs. EM
  Lansoprazole                        0.88          0.12            0^b^             0.91   8.56                           PM vs. EM
  Rabeprazole                         0.81          0.19            0^b^             0.52   5.26                           PM vs. EM
  Voriconazole                        0.75          0.25            \<0.02           0.96   4.05                           PM vs. EM

  Drugs          OATP model substrate drugs                                                                           
  -------------- ---------------------------- ------ ---------- ------ ---------------------------- ---------- ------ -----------
  Atorvastatin   \<0.02^b^                    0.77   12         0.92   Rifampin                     2.45       0.59   NF vs. PF
  Bosentan       \<0.03^b^                    0.5    5.22 ^c^   0.81   Lopinavir & ritonavir^c^     --         --     --
  Cerivastatin   \<0.02^b^                    0.6    4.75       0.79   Cyclosporine                 --         --     --
  Erythromycin   0.12                         --     --         --     --                           2.60^f^    0.62   NF vs. PF
  Fexofenadine   0.20^b^                      0.35   4.14^d^    0.76   Lopinavir and ritonavir^d^   --         --     --
  Fluvastatin    0.21^b^                      0.24   3.55       0.72   Cyclosporine                 2.39       0.58   NF vs. PF
  Imatinib       0.05^b^                      0.98   --         --     --                           2.58^f^    0.61   NF vs. PF
  Pitavastatin   0.06^b^                      0.51   6.66       0.85   Rifampin                     3.85       0.74   NF vs. PF
  Simeprevir     0.15^b^                      0.62   5.80       0.83   Cyclosporine                 --         --     --
  Repaglinide    0.001^b^                     0.63   2.60^e^    0.62   Cyclosporine^e^              3.13       0.68   NF vs. PF
  Rosuvastatin   0.28                         --     7.08       0.86   Cyclosporine                 2.19       0.54   NF vs. PF
  Torsemide      0.28                         0.8    --         --     --                           2.51 ^f^   0.60   NF vs. PF

AUCR, area under the concentration‐time curve ratio; CL, clearance; CYP, cytochrome P450; DDI, drug‐drug interaction; EM, extensive metabolizer; F, absolute bioavailability after oral administration; f~e,urine~, fraction eliminated into urine as an unchanged drug; f~m,CYP1A2~, estimated fraction metabolized by CYP1A2; f~m,CYP2C8~, estimated fraction metabolized by CYP2C8; f~m,CYP2C9~, estimated fraction metabolized by CYP2C9; f~m,CYP2C19~, estimated fraction metabolized by CYP2C19; f~t~ = 1‐1/AUCR for transporter; NF, normal function; PGx, pharmacogenetics; PF, poor function; PM, poor metabolizer.

^a^f~e,urine~ after intravenous administration or f~e,urine~ after oral administration divided by absolute bioavailability, if not indicated otherwise. ^b^f~e,urine~ after oral administration. ^c^Maximum AUCR = 1.97 with inhibitor cyclosporine. ^d^No DDI studies available with inhibitors cyclosporine/rifampin. ^e^Maximum AUCR = 8.26 with inhibitor gemfibrozil. ^f^Maximum ratio of 1/CL or F/CL. References are listed in **Supplementary Table S4**. The availability of both PGx and DDI data for the same OATP substrate was limited to allow any direct comparison and conclusions.

Impact of CKD on the clearance of CYP1A2, CYP2C8, CYP2C9, CYP2C19, and OATP model substrate drugs {#cpt807-sec-0004}
-------------------------------------------------------------------------------------------------

The total clearance ratios (R_CL~total~) observed between various CKD and healthy control groups from each CKD study, as well as the unbound clearance ratios (R_CL~unbound~) for drugs with available protein binding data, are shown in **Figures** [2](#cpt807-fig-0002){ref-type="fig"} **and** [3](#cpt807-fig-0003){ref-type="fig"} **and Table** [1](#cpt807-tbl-0001){ref-type="table-wrap"}. Average and range of these ratios are listed in **Table** [2](#cpt807-tbl-0002){ref-type="table-wrap"}.

![Comparison of observed clearance ratio (R_CL) and theoretical lowest R_CL without changes in nonrenal clearance for cytochrome P450 (CYP)1A2 (**a**), CYP2C8 (**b**), CYP2C9 (**c**), CYP2C19 (**d**), and organic anion transporting polypeptide (OATP) (**e**) model substrate drugs. Symbols represent R_CL~unbound~ in each chronic kidney disease (CKD) group of a clinical CKD study for drugs with protein binding information in healthy control and CKD groups, or R_CL~total~ for all drugs, including those without protein binding information in CKD studies. Solid red lines represent the theoretical lowest ratio assuming no changes in nonrenal clearance (the values are 0.88, 0.79, 0.73, and 0.69 for the mild CKD, moderate CKD, severe CKD, and the endstage renal disease (ESRD) patient groups, respectively). ^a^Estimated unbound clearance ratios based on averaged plasma albumin level change for OATP/CYP2C8 model drugs missing protein binding information for severe patients. See Methods section for details. R_CL~unbound~, unbound clearance ratio between CKD patient groups and the healthy control group; R_CL~total~, ratio of clearance calculated with total (bound plus unbound) concentration between CKD groups and the healthy control group. \*Drugs with 2 ≤ AUCR \<3. \*\*Drugs f~u~ ≥ 0.3.](CPT-103-854-g002){#cpt807-fig-0002}

![Effect of chronic kidney disease (CKD) on cytochrome P450 (CYP)1A2 (**a**), CYP2C8 (**b**), CYP2C9 (**c**), CYP2C19 (**d**) and organic anion transporting polypeptide (OATP) (**e**) model substrate drugs. The box‐and‐whisker plots represent interquartile range of unbound clearance ratio between CKD patient groups and the healthy control group (R_CL~unbound~) for drugs with protein binding information, or total clearance ratio between CKD patient groups and the healthy control group (R_CL~total~) for all drugs with CKD studies. The "+" symbols represents the mean value of R_CL, and red lines represent the theoretical lowest ratio assuming no CKD effect on nonrenal clearance (the values are 0.88, 0.79, 0.73, and 0.69 for the mild CKD, moderate CKD, severe CKD, and the endstage renal disease (ESRD) groups, respectively). n, number of CKD studies in each group.](CPT-103-854-g003){#cpt807-fig-0003}

Using method 1, the theoretical lowest values of the clearance ratios assuming no change in nonrenal clearance were calculated to be 0.88, 0.79, 0.73, and 0.67 with mild CKD, moderate CKD, severe CKD, and ESRD, respectively. As shown in **Figures** [2](#cpt807-fig-0002){ref-type="fig"} **and** [3](#cpt807-fig-0003){ref-type="fig"}, CYP2C8 and OATP model substrate drugs showed a consistently lower R_CL~unbound~ than the theoretical lowest ratios. The ratios for CYP2C8 were 0.73, 0.61, 0.53, and 0.37 and for OATP were 0.68, 0.56, 0.54, and 0.45 for the mild CKD, moderate CKD, severe CKD, and ESRD (on off‐dialysis day), respectively. In contrast, the R_CL~unbound~ for CYP1A2, CYP2C9, and CYP2C19 did not show a consistent trend.

The results were similar using method 2 (calculated with individually estimated f~m~ shown in **Table** [3](#cpt807-tbl-0003){ref-type="table-wrap"}). The average R_CL~unbound~ for CYP2C8 model substrate drugs were 0.69, 0.57, 0.54, and 0.49, respectively, for the mild CKD, moderate CKD, severe CKD, and ESRD (on off‐dialysis day) (**Supplementary Figures S1 and S2**).

Using method 3 (based on f~e,urine~, see Methods section), the results were comparable to methods 1 and 2 (**Supplementary Figures S3 and S4**). Average R_CL~unbound~ were 0.73, 0.61, 0.54, and 0.37 for CYP2C8 model drugs in the mild CKD, moderate CKD, severe CKD, and ESRD, respectively. Average R_CL~unbound~ for OATP model drugs were 0.69, 0.57, 0.54, and 0.49 in mild CKD, moderate CKD, severe CKD, and ESRD, respectively. These average unbound R_CL~CYP~ or R_CL~OATP~ values for CYP2C8 and OATP model drugs were again smaller than the theoretical value of 1 (assuming unchanged nonrenal clearance).

Review of plasma protein binding data (**Supplementary Table S2**) indicated that ratios of nonprotein bound fractions between CKD and control groups increased with the severity of CKD: 1.06, 1.07, 1.16, and 1.55 for patients with mild CKD, moderate CKD, severe CKD, and ESRD, respectively (**Figure** [4](#cpt807-fig-0004){ref-type="fig"}). This increased trend seems more apparent for drugs that are highly protein bound (f~u~ \< 0.01; **Figure** [4](#cpt807-fig-0004){ref-type="fig"}).

![Observed chronic kidney disease (CKD) effect on the plasma unbound fraction f~u~ ratio (CKD groups with respect to healthy control) for cytochrome P450 (CYP)1A2 (⋄), CYP2C8 (Δ), CYP2C9 (□), CYP2C19 (○), CYP2D6 (▽), CYP3A (+), and organic anion transporting polypeptide (OATP) (\*) model substrate drugs. (**a**) Symbols represent observed f~u~ ratios, dashed lines represent the average of the model drugs for each CYP enzyme and transporter, and solid lines represent the averaged f~u~ ratios from all the model drugs investigated. (**b**) The box‐and‐whisker plots represent interquartile range of f~u~ ratios. (**c**) Unbound fraction ratios increase with CKD for drugs with the relatively low f~u~ (f~u~ \< 0.01) vs. relatively high f~u~ (f~u~ ≥ 0.01). The 2D6 and 3A model drugs from a previous study[22](#cpt807-bib-0022){ref-type="ref"} were also included. ESRD, endstage renal disease; fu, unbound fraction; HC, healthy control; n, number of CKD studies in each category; f~u~ ratio, ratio of f~u~ between CKD groups and the healthy control group.](CPT-103-854-g004){#cpt807-fig-0004}

DISCUSSION {#cpt807-sec-0005}
==========

We evaluated the effect of CKD on the clearance of several CYP1A2, CYP2C8, CYP2C9, CYP2C19, and OATP model substrate drugs, extending our previous work to develop generalizable rules concerning the conduct of PK studies for nonrenally cleared drugs in patients with CKD.

OATP model drugs showed a consistent reduction in unbound OATP‐mediated clearance with increasing CKD severity with a 46% reduction on average in the severe CKD group (the highest value was 63% in case of repaglinide). Only 5 of 12 OATP model drugs had originally reported plasma binding in CKD. We extended the dataset and estimated f~u~ for drugs with missing protein binding information (based on averaged albumin changes in CKD). Our calculated unbound clearance ratios in severe CKD (0.62) were in agreement with ratios observed (0.54) for drugs with available f~u~ data. Collectively, these data corroborate previous observations in animals[5](#cpt807-bib-0005){ref-type="ref"}, [25](#cpt807-bib-0025){ref-type="ref"} and in humans, suggesting that OATP transporter function is decreased in patients with kidney disease.[15](#cpt807-bib-0015){ref-type="ref"}, [23](#cpt807-bib-0023){ref-type="ref"}, [24](#cpt807-bib-0024){ref-type="ref"}

CYP2C8 model drugs also showed a consistent decrease in unbound CYP2C8‐mediated clearance with increasing CKD severity, with an average 44% reduction within the severe CKD group. The highest reduction in clearance (63%) was seen in the case of repaglinide, followed by dasabuvir and cerivastatin. However, interpretation of CYP2C8 trends is challenging for multiple reasons. Repaglinide and cerivastatin were selected as CYP2C8 model drugs based on drug‐drug interactions (DDIs) with gemfibrozil; however, both parent and metabolite of gemfibrozil also inhibit OATP1B1.[26](#cpt807-bib-0026){ref-type="ref"}, [27](#cpt807-bib-0027){ref-type="ref"} Although dasabuvir (a non‐OATP1B substrate) showed a pronounced reduction in clearance in severe CKD, dasabuvir is a P‐glycoprotein and breast cancer resistance protein substrate, which may confound the observed finding.[28](#cpt807-bib-0028){ref-type="ref"} In contrast, the CYP2C8 model drug rosiglitazone did not show a clear decrease in clearance with an increasing severity of CKD. Thus, the observed decreases in CYP2C8‐mediated clearance in CKD may need to be further confirmed by either performing additional clinical studies in patients with CKD with protein binding data or with specific inhibitors of OATP or CYP2C8 to differentiate their relative contributions. Quantifying the rate‐determining step and contribution of metabolic clearance and hepatic uptake (e.g., via OATP1B1) to drug disposition is a complex and challenging task.[29](#cpt807-bib-0029){ref-type="ref"} One possibility is to incorporate changes in the activity of individual enzymes or transporters observed in CKD based on a specific probe substrate (e.g., pitavastatin for OATP1B1[30](#cpt807-bib-0030){ref-type="ref"}) in physiologically based pharmacokinetic (PBPK) models.

Compared to CYP2C8 and OATP model drugs, the PK of CYP1A2 model drugs showed relatively smaller changes with CKD (an average 8% and 27% decrease in unbound clearance within the moderate and severe groups, respectively) and were comparable to the theoretical lowest values. It is worth mentioning that using method 3, CYP1A2 showed lower unbound clearance ratios than the theoretical R_CL (**Supplementary Figure S2**). Considering the very limited data points available and the relatively small changes with CKD compared to CYP2C8 and OATP, further study is needed to clarify the effect of CKD on CYP1A2 model drugs. For ramelteon, there was a large reduction in R_CL~total~ within the severe CKD group. However, the raw data showed that one subject (out of a total of seven) in this group had a markedly higher AUC than others,[31](#cpt807-bib-0031){ref-type="ref"} and excluding that individual would bring the average R_CL~total~ closer to the theoretical lowest clearance ratio. Overall, both observed and calculated clearance ratios were, on average, comparable to theoretical lowest values, suggesting a limited effect of CKD on CYP1A2.

Similar to CYP1A2, the PK of CYP2C9 model drugs showed relatively small change with CKD (an average 0% and 16% decrease in unbound clearance within the mild and moderate groups, respectively) and were, on average, comparable to theoretical lowest values. These findings suggest that there is a limited effect of CKD on the activity of CYP2C9.

For CYP2C19, an increased clearance of many model drugs was seen across all CKD groups and was greater than the theoretical lowest line when no change in nonrenal clearance is assumed. However, the effect seems to be more prominent when clearance was calculated with total concentration (R_CL~total~), which suggests a potential effect of CKD on plasma protein binding. Therefore, although unbound clearance may be unchanged, total clearance could be affected in CKD due to an increase in the unbound drug fraction. For instance, there was a moderate increase of the total drug clearance for the highly bound drug lansoprazole in the severe CKD or ESRD groups, whereas minimal change was seen in its unbound clearance.

In general, plasma protein binding was decreased with increasing CKD severity and increases in unbound fractions were seen for most drugs investigated in our current and previous studies.[22](#cpt807-bib-0022){ref-type="ref"} This trend seems to be more apparent for model drugs with relatively low f~u~ (f~u~ \< 0.01). It is also worth mentioning that the impact of CKD on plasma protein binding varies by drug.[10](#cpt807-bib-0010){ref-type="ref"}, [32](#cpt807-bib-0032){ref-type="ref"}, [33](#cpt807-bib-0033){ref-type="ref"} Despite a comprehensive analysis of the dataset of CKD studies, less than half of the drugs had sufficient protein binding information available. Thus, it is crucial to evaluate protein binding changes for each drug studied in patients with CKD.

Most subjects with ESRD, particularly those who received dialysis during the study period, exhibited an increased clearance. This likely occurs because "uremic toxins" are continuously removed during dialysis and some portion of the drug may also be removed ("cleared") during dialysis. Some patients with ESRD who regularly received dialysis but were off‐dialysis during the study period also demonstrated a higher clearance than patients with ESRD not receiving dialysis, but less than those receiving dialysis. Studying patients with ESRD receiving chronic dialysis may not represent the "worst case" scenario as compared with other groups of patients with CKD.[8](#cpt807-bib-0008){ref-type="ref"} However, all the ESRD groups in this study were either on regular dialysis during the study period or off dialysis but were on regular dialysis before the study period, consistent with the typical standard of care.[34](#cpt807-bib-0034){ref-type="ref"}

One aim of this work was to quantitatively assess and interpret observed data in patients with CKD groups for a multitude of nonrenal clearance pathways. We used three methods to determine if CKD may affect individual pathways. Method 1 compared observed R_CL to theoretical lowest clearance ratios assuming that renal elimination comprised a maximum of 33.3% of systemic clearance. Method 1 may not correctly identify the impact of CKD on nonrenal clearance of drugs that have a much higher f~m~ than 66.7%, resulting in a "theoretical lowest R_CL" value that is higher than our current assumption. In addition to method 1, methods 2 and 3 considered the actual maximum area under the concentration‐time curve ratio (AUCR) for each individual pathway and fraction eliminated into urine as unchanged drug f~e,urine~, respectively, to calculate the clearance ratios. Overall, the calculated ratios R_CL~CYP~ using f~m~ (=1‐1/AUCR) or R_CL~OATP~ using f~t~ (=1‐1/AUCR) are similar to those calculated using f~e,urine~ for most of the individual pathways of interest. Some discrepancies existed, as seen in the cases of rosiglitazone, flurbiprofen, and citalopram (AUCR ranging between 2 and 3 for these drugs; **Table** [3](#cpt807-tbl-0003){ref-type="table-wrap"}). For example, the calculated unbound rosiglitazone R_CL~CYP~ using f~m~ (method 2) were 1.13, 1.67, and 1.45, in contrast to the calculated unbound R_CL~CYP~ using f~e,urine~ (method 3; 0.91, 0.94, and 0.90, for mild, moderate, and severe CKD in the patient groups, respectively). Current analysis suggests that the calculated R_CL~CYP~ using method 2 is more representative if the inhibitor is a specific strong inhibitor resulting in a large AUCR for a pathway of interest. However, there are many cases in which DDI studies with a strong inhibitor are not available or the inhibitor is not specific, in particular for studies other than CYP3A‐ or CYP2D6‐mediated DDIs. The results from method 2 may be biased if imperfect inhibitor/pharmacogenetics (PGx) data are used, even though method 2 gave very similar results as method 1 in this study. Method 3 using f~e,urine~ assumed all nonrenal elimination was attributed to the pathway of interest, which may not hold true for all the drugs in our dataset. The limitations of each method need to be considered when drawing conclusions regarding the effects of CKD on various elimination pathways.

It is noteworthy that limited information is available for many pathways we examined in this study (i.e., for many clearance pathways there are a limited number of drugs that have PK data for patients with CKD and information on plasma protein binding in these patients). For example, although data were available for all three (mild, moderate, and severe) CKD groups in dedicated studies for 10 drugs, only 4 of these drugs with 6 studies included unbound drug information. To overcome the missing information on plasma protein binding, we predicted f~u~ in severe CKD for acidic drugs that primarily bind to albumin using the average albumin concentration in this population.[10](#cpt807-bib-0010){ref-type="ref"} Although this approach was acceptable for the analysis of acidic drugs in the current dataset, it highlighted the necessity to measure plasma protein binding in different CKD groups to fully distinguish the CKD effect on metabolic/transporter elimination pathways from changes in plasma protein binding. Based on the fact that many of our drugs were similar with respect to their extent of binding to plasma proteins, performing PBPK sensitivity analysis on the impact of f~u~ changes over a broader range of plasma protein binding may provide additional quantitative insight to potential PK changes in patients with CKD. Last, high variability was observed in the clinical PK data curated (**Figures** [2](#cpt807-fig-0002){ref-type="fig"} **and** [3](#cpt807-fig-0003){ref-type="fig"}), which makes it difficult to draw robust conclusions for some pathways.

In conclusion, this work suggests that the level of decrease in clearance observed in patients with CKD was consistent among multiple OATP substrate drugs, and was larger than the estimated decrease when the change in nonrenal clearance was assumed to be nil. One of our future applications is to incorporate the observed changes in OATP activity into PBPK models to quantitatively predict the effect of renal failure on the PKs of other OATP substrates or in different groups of patients with CKD. A similar trend in the reduction of clearance in CKD was also seen for CYP2C8 model drugs. Some of these are dual CYP2C8‐OATP substrates highlighting importance of further investigation of the rate‐determining step in disposition of those drugs and changes imposed by CKD. In contrast, the effect of CKD on CYP1A2, CYP2C9, and CYP2C19 was variable and modest by comparison to CYP2C8 and OATP. Further investigation of the potential effect of CKD on plasma protein binding, other nonrenal clearance pathways, and the interplay of transporter and enzyme‐mediated clearance are necessary to establish a comprehensive understanding of the elimination‐routine dependency in CKD effects. These findings are useful to identify nonrenally cleared drugs, which may benefit from additional PK or PBPK analysis to optimize their use in patients with CKD, and, ultimately, may facilitate optimal drug selection and dosing in these patients.

METHODS {#cpt807-sec-0006}
=======

Selection of CYP1A2, CY2C8, CYP2C9, and CYP2C19 model substrate drugs with existing PK data in patients with CKD {#cpt807-sec-0007}
----------------------------------------------------------------------------------------------------------------

Model substrate drugs of CYP1A2, CYP2C8, CYP2C9, and CYP2C19 were selected using the approach applied previously in the assessment of CYP2D6 and CYP3A.[22](#cpt807-bib-0022){ref-type="ref"} Briefly, the University of Washington Metabolism and Transport Drug Interaction Database (UW DIDB) and the FDA\'s new drug application reviews (Drugs\@FDA) were searched to identify a comprehensive list of potential model substrate drugs for each elimination pathway (**Figure** [1](#cpt807-fig-0001){ref-type="fig"}). A CYP model substrate drug was defined as one that is predominantly eliminated by a specific CYP enzyme *in vivo* (e.g., f~m~ ≥ 0.67) based on observed AUCR from either DDI or pharmacogenetic studies. New drug applications approved between 2014 and October 2016 were also curated in order to include drugs that were not yet incorporated into the UW DIDB when the data were originally curated in December 2014. A total of 981 drugs were selected as potential CYP substrate drugs for investigation.

Typical inhibitors assessed in this study were: fluvoxamine, ciprofloxacin, enoxacin, zafirlukast, methoxsalen, and mexiletine for CYP1A2; clopidogrel, gemfibrozil, deferasirox, and teriflunomide for CYP2C8; amiodarone, felbamate, fluconazole, miconazole, and piperine for CYP2C9; and fluconazole, fluvoxamine, and ticlopidine for CYP2C19. If a drug exhibited a predefined AUCR of ≥3 between the presence and absence of a typical inhibitor, then it was considered a potential model substrate drug for the corresponding enzymes. Similarly, if a drug exhibited an AUCR of ≥3 between poor and extensive metabolizers of each enzyme, then the drug was considered a potential model substrate drug of that enzyme. The AUCR ≥3 criterion was used to ensure the list of selected drugs was comprised of substrates with a high contribution (≥67%) of CYP1A2, CYP2C8, CYP2C9, or CYP2C19‐mediated clearance to their systemic clearance. For CYP2C8, CYP2C9, and CYP2C19, one, three, and one substrate drugs, respectively, with AUCR between two and three were also included in the analysis (see method 2). Studies reporting collateral DDIs due to overlapping inhibitor and substrate specificity were not considered (**Supplementary Table S1**). The UW DIDB, PubMed, and FDA documents (new drug application reviews and study reports) were searched for PK studies in patients with CKD for the potential model substrate drugs of CYP1A2, CYP2C8, CYP2C9, or CYP2C19. Population PK studies using historical values as healthy controls were not included. Clearance ratios between each CKD group and controls were calculated, and classification of CKD groups was carried out, as previously described.[22](#cpt807-bib-0022){ref-type="ref"}

Selection of OATP model substrate drugs with existing PK data in patients with CKD {#cpt807-sec-0008}
----------------------------------------------------------------------------------

The *in vitro* or *in vivo* substrates of OATP1B1 and OATP1B3 were identified from the UW DIDB (**Figure** [1](#cpt807-fig-0001){ref-type="fig"}). A total of 86 compounds were identified as potential substrate drugs after excluding compounds that are endogenous, not approved for clinical use, or known metabolites. As above, the UW DIDB, PubMed, and FDA documents (new drug application reviews and study reports) were searched further to identify dedicated clinical studies in patients with CKD for each of the 86 drugs.

Forty‐three of 86 drugs had CKD studies reported. The f~e,urine~ values were calculated to estimate the contribution of renal elimination pathway, either as f~e,urine~ for intravenously administered drugs or f~e,urine~ divided by absolute bioavailability for orally administered drugs. For the selected OATP model drugs, DDI studies with the potent inhibitors cyclosporine and rifampin were collected; if data were not available then alternative inhibitors were considered and pharmacogenetic studies (*SLCO1B1 521 T\>C)* were also examined. OATP model substrate drugs were defined as those having f~e,urine~ \<33.3% (assuming all the nonrenal clearance was mediated by OATP).

Interpretation of the observed ratios of clearance in the CKD group vs. the control group with normal kidney function {#cpt807-sec-0009}
---------------------------------------------------------------------------------------------------------------------

In method 1, theoretical lowest values in clearance ratios (R_CL) of the patients with CKD groups over healthy controls were calculated, assuming CKD has no effect on respective nonrenal pathways. Comparison with observed ratios of clearance (R_CL~obs~) is shown in **Figure** [2](#cpt807-fig-0002){ref-type="fig"} and **Table** [2](#cpt807-tbl-0002){ref-type="table-wrap"}. If observed clearance ratios were lower than the theoretical lowest ratio assuming no change in nonrenal clearance, the data then indicated an effect of CKD on nonrenal clearance. Theoretical lowest R_CL was calculated using a fixed minimum f~m~ or maximum f~e~ for all drugs. For example, for a model substrate for a particular enzyme showing AUCR of ≥3 in the presence of a specific inhibitor, the assumed minimum f~m~ for that pathway was 0.667. Assuming the rest of its clearance is renal clearance, then at most one third of systemic clearance is via renal elimination. For the purpose of our analyses, we also assumed that renal clearance decreased in parallel with glomerular filtration rate (GFR) in patients with different degrees of CKD (i.e., as kidney function declines), irrespective of the influence of active tubular secretion or reabsorption.[21](#cpt807-bib-0021){ref-type="ref"}

In method 2, changes in CYP1A2, CYP2C8, CYP2C9, and CYP2C19 metabolizing pathways were evaluated using our previously published approach,[22](#cpt807-bib-0022){ref-type="ref"} as follows: $$R\_ CL_{obs} = ~R\_ CL_{CYP} \times f_{m} + R\_ CL_{r} \times \left( {1 - f_{m}} \right),~\text{where}~\, f_{m} = 1 - \frac{1~}{AUCR}$$Therefore, $$R\_ CL_{CYP} = \frac{R\_ CL_{obs} - R_{CLr} \times (1~ - ~f_{m})~}{f_{m}}~$$where R_CL~CYP~ is the theoretical ratio of clearance mediated by the respective enzyme. R_CL~r~ is the renal clearance ratio of each CKD patient group, as described below. It was assumed that (1) all elimination pathways except CYP1A2, CYP2C8, CYP2C9, and CYP2C19 decrease in parallel with GFR, and (2) the absorption of model drugs are not altered by CKD.

Similarly, a change in OATP‐mediated transport was calculated as follows: $$R\_ CL_{OATP} = \frac{R\_ CL_{obs} - R\_ CL_{r} \times (1 - f_{t})~}{f_{t}}\,\text{where}\, f_{t} = 1 - \frac{1~}{AUCR}$$In method 3, the fraction of drugs eliminated unchanged into urine (f~e,urine~) calculated either as f~e,urine~ for intravenously administered drugs or f~e,urine~ divided by absolute bioavailability for orally administered drugs (**Table** [3](#cpt807-tbl-0003){ref-type="table-wrap"}). The R_CL~CYP~ was then calculated using f~e,urine~: $$R\_ CL_{CYP} = \frac{R\_ CL_{obs} - R\_ CL_{r} \times f_{e,urine}~}{1 - f_{e,urine}}$$Similarly, R_CL~OATP~ was calculated using the fraction eliminated unchanged into urine f~e,urine~ for OATP transporter model drugs: $$R\_ CL_{OATP} = \frac{R\_ CL_{obs} - R\_ CL_{r} \times f_{e,urine}~}{1 - f_{e,urine}}$$For both methods 2 and 3, R_CL~CYP~ or R_CL~OATP~ different from 1 (e.g., \<1), would suggest that CKD may have an effect (i.e., impair) on the particular CYP or transporter‐mediated pathway.

In all methods, we used GFR of 0 mL/min and 120 mL/min for ESRD groups and healthy controls, respectively, and maximum and minimum averages for each patients with CKD groups (i.e., 74.5, 44.5, and 22.5 mL/min for mild CKD, moderate CKD, and severe CKD, respectively) to calculate R_CL~r~, which were 0.625, 0.375, 0.188, and 0 for mild CKD, moderate CKD, severe CKD, and ESRD, respectively.

Estimation of unbound fraction in plasma for OATP/CYP2C8 drugs with missing observed plasma protein binding data {#cpt807-sec-0010}
----------------------------------------------------------------------------------------------------------------

For acidic drugs, the decreased plasma protein binding is generally related to the reduced albumin levels in plasma.[5](#cpt807-bib-0005){ref-type="ref"}, [10](#cpt807-bib-0010){ref-type="ref"} The missing f~u~ was estimated for severe CKD group using the information on the changed albumin levels in this group relative to healthy control, using the following equation[10](#cpt807-bib-0010){ref-type="ref"}: $$fu~ = \frac{1}{1 + \lbrack\frac{\left\lbrack P \right\rbrack}{\left\lbrack P \right\rbrack pop} \times \frac{(1 - fupop)}{fupop}\rbrack~}$$where *pop* is the healthy population, \[*P*\]*~pop~* is the mean concentration of albumin in healthy subjects (44.9 g/L for men and 41.8 g/L for women) and \[*P*\] is the mean concentration in patients with severe CKD (37.6 g/L for men and 35 g/L for women), respectively.[10](#cpt807-bib-0010){ref-type="ref"} The gender differences in albumin concentration were accounted for during the calculations based on the corresponding clinical CKD study designs for each substrate drugs. This prediction method assumes that albumin is the major plasma protein contributing to binding and that CKD does not cause any conformational changes in albumin binding sites.

This method was applied to calculate f~u~ for all OATP1B1 substrates with missing binding information in severe CKD because they are mostly acidic drugs. Considering overlap in CYP2C8 and OATP1B1 substrates, the same approach was applied for CYP2C8 substrates. The calculated f~u~ values are listed in **Supplementary Table S2** and the corresponding calculated R_CL~unbound~ using the calculated f~u~ is shown in **Figure** [2](#cpt807-fig-0002){ref-type="fig"}.
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**Supplementary Figure S2** Effect of CKD on CYP1A2 (**a**), CYP2C8 (**b**), CYP2C9 (**c**), CYP2C19 (**d**), and OATP (**e**) mediated clearance calculated using maximum AUCR (method 2).
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